Gd-doped ceria solid solutions have been recognized to be leading electrolytes for use in intermediate-temperature fuel cells. In this paper, the preparation, solubility, and densification of Gd 0.1 Ce 0.9 O 1.95 ceramics derived from carbonate co-precipitation are reported. The dissolution of Gd 2 O 3 in CeO 2 lattice was identified to be completed during the co-precipitation process by studying the lattice parameter as a function of temperature. After calcination at 800°C for 2 h, the nano-sized Gd 0.1 Ce 0.9 O 1.95 powder (∼33 nm) with a nearly spherical shape and a narrow particle-size distribution was obtained. This calcined powder has high sinterability and maximum densification rate at ∼1000°C. Sintering at 1300°C for 4 h yielded over 97% relative density with near maximum. The grain size increased with increases in sintering temperature. The ionic conductivity of these pellets was tested by alternating current impedance spectroscopy to elucidate the contribution of intragranular and intergranular conductivity to the total ionic conductivity. It was found that sintering temperature does not affect intragranular conductivity, though intergranular conductivity was strongly influenced by grain size, grain boundary area, and relativity density. This pellet sintered at 1500°C for 4 h showed a high ionic conductivity of 5.90 × 10 −2 s/cm when measured at 750°C. The characterization and structural evaluation of the as-received powders were carried out using x-ray diffraction, transmission electron microscopy, Brunauer-Emmett-Teller, and dilatometer and impedance analysis.
I. INTRODUCTION
Gadolinium oxide-doped fluorite structured cerium oxide, 10 mol% Gd 2 O 3 -CeO 2 (10GDC), is a solid solution formed by replacing the Ce 4+ site of the CeO 2 lattice by Gd 3+ cations. 10GDC has been recognized as a midtemperature (500-800°C operation temperature) electrolyte material for applications in solid-oxide fuel cells (SOFCs), as it has high ionic conductivity compared to other electrolyte materials in this range of operating temperature.
1,2 10GDC powders synthesized via solid-state reaction require very high sintering temperatures (1700-1800°C).
3 Traditional ball milling of particle to reduce its size will also introduce impurities such as silicon, and this will severely decrease its ionic conductivity since silicon forms an insulation glassy phase in the grain boundaries. 4, 5 A lower electrolyte sintering temperature is also desired, as the cathode and anode materials are normally sintered at a relatively lower temperature of 1100-1300°C. 6 Therefore, an electrolyte material that can be co-fired together with the anode/cathode at a lower temperature would be desired. In addition, nanostructure can improve the mechanical properties of dense ceramics.
Several types of wet-chemical methods have been reported for the synthesis of 10GDC powders. These include oxalate co-precipitation, 7 sol-gel, 8 and hydrothermal treatment. 9 These wet chemistry-derived powders generally show better reactivity that those obtained via solid-state methods, but they still require relatively high densification temperatures of about 1400-1600°C to reach full density. The limitation here seems to stem from severe agglomeration of the particles and undesirable morphologies of the resultant particles. It seems that carbonate coprecipitation has been an optimal means for synthesizing nano-sized ceria powders because this method yields powders with weak agglomeration and desirable morphology (spherical) of particles. 10 In this study, nano-particles of Gd 0.1 Ce 0.9 O 1.95 were prepared via a carbonate coprecipitation process. The solubility, sinterability, and microstructure were studied within a calcining/sintering temperature range of 600-1500°C. The electrical properties of the sintered pellets were also measured. 
The ammonium carbonate/Ce 3+ (+Gd 3+ ) molar ratio (R) significantly affects the precursor properties, and spherical nano-particles can be produced only in a narrow range of 2.0 < R ഛ 3.0. 10 In this work, the mole ratio (R) of 2.5 was studied. The solution of Ce(NO 3 ) 3 ·6H 2 O and Gd(NO 3 ) 3 ·6H 2 O mole concentration was prepared to be 0.1 M 100 ml solution with distilled water. Ammonium carbonate mole concentration was 0.25 M 100 ml solution. One hundred milliliters mixed nitrate solution was dropped very slowly into 100 ml 0.25 M ammonium carbonate solution kept at room temperature under light stirring. After that, the resultant suspension was aged at 70°C for 1 h and then thoroughly washed with distilled water and rinsed with ethanol. The precursor was calcined in air at various temperatures (600, 700, and 800°C) for 2 h to yield the nano-sized oxide particles.
B. Characterization of samples
The crystal phase of the calcined samples was analyzed using x-ray diffraction (XRD) with Cu K ␣ radiation. The crystalline size was estimated using the x-ray line broadening technique performed on the (220) diffraction peak. Specific surface area was estimated by Brunauer-Emmett-Teller (BET) method using nitrogen as the absorption gas. The morphology, size, and crystalline characterizations of the calcined powder were observed using transmission electron microscopy (TEM; accelerating voltage, 200 kv; Model JEM2010, JEOL, Tokyo, Japan).
After that, the powders calcined at 800°C were pressed under 100 MPa pressure into pellets 10 mm in diameter and 0.5 mm thick. Green densities of the pellets were ∼60% theoretical density. These pellets were sintered at different temperature from 1100 to 1500°C for 4 h in air. The sintering experiments were performed in a dilatometer (Setsys 16/18, Setaram, Caluire, France). The density of the sintered pellets was measured using the Archimedes method in a bath of water. The microstructures of the samples were examined using field emission scanning electron microscopy (FESEM). After polishing with fine emery paper, silver wires were attached on both sides of the pellets by using silver paste and fired at 850°C. The ionic conductivities of the as-sintered samples were measured using two-probe impedance spectroscopy (Solartron 1260, Farnborough, UK). The measurement was conducted at frequencies of 0.1 to 10 7 Hz and temperatures of 250 to 750°C in air.
III. RESULT AND DISCUSSION

A. Powder characteristics
Crystal phase and solubility of the co-precipitated powder were analyzed by XRD (Rigaku Dmax2200, Tokyo, Japan). Within the temperature range of 600-1500°C, only a single phase CeO 2 (with fluorite structure) was detected. The precursor and calcined powders' XRD patterns are shown in Fig. 1 , and Fig. 2 shows the XRD patterns of the pellets sintered at different temperature from 1100 to 1500°C. However, it should be pointed out that the development of C-type structure of Gd 2 O 3 in CeO 2 matrix cannot be clearly identified from the XRD since both of XRD patterns are nearly the same. For instance, the phase of Gd 2 O 3 cannot be identified from the mixture (20 mol% Gd 2 O 3 + 80 mol% CeO 2 ) sintered at 1300°C or above for the powders derived from solid-state reaction. 11 To ensure that the dissolution of Gd 2 O 3 into CeO 2 in the co-precipitated powders is complete, the lattice constant against sintering temperature was studied, and this is shown in Table I . As shown, the lattice constants of the as-received powders were all above 5.420 nm, which is >5.411 nm (standard data of CeO 2 powder) due to the radius of Gd 3+ (107.8 pm)
FIG. 1. XRD patterns of the precursor and 10GDC powders calcined at different temperature for 2 h.
being larger than the radius of Ce 4+ (101 pm). All data were calculated using the least square refinement method. We can see that the dissolution behavior of Gd 2 O 3 in the co-precipitated powders was completely different to that of the ball-milled mixture of Gd 2 O 3 and CeO 2 .
11 It seems that the dissolution of Gd 2 O 3 in CeO 2 was completed at a relatively low temperature (600°C). The above observation could be attributed to the similar properties between rate-earth elements and Ce and the extremely small solubility of the rare-earth carbonate.
The particle/crystallite sizes of the powders calcined at various temperatures are summarized in Table II . We define ‫ס‬ D XRD /D BET as a factor to reflect the agglomeration extent of the primary crystallites, where D XRD was determined via XRD and D BET was calculated from S BET . The value decreases gradually with an increase in the calcination temperature up to 800°C, implying a gradual collapse of the soft agglomerates and a gradually improved dispersion of the primary crystallites. The morphology and the size of the powder calcined at 800°C for 2 h is shown in Fig. 3 . The as-received powder was around 30 nm, nearly spherical, and had narrow particlesize distribution, which is consistent with the results tabulated in Table II . The diffraction pattern obtained establishes that cubic CeO 2 was yielded. Figure 4 shows the densification rate and lineshrinkage of 10GDC powder calcined at 800°C for 2 h, which showed the as-received powder having the maximum densification rate, (1/)d/dt, at a low temperature of ∼1000°C, and the maximum line-shrinkage of ∼13% being achieved at about 1300°C. It shows that the as-received powder has high sinterability and can be fully consolidated at 1300°C. The slight expansion at >1300°C observed in Fig. 4 was suspected to cause the sintering density to decrease slightly. Relative densities were then measured to confirm this finding and are shown in Fig. 5 . The decrease could be related to the reduction of Ce 4+ to Ce 3+ . However, no strong evidence has been found to ascertain this. Figure 6 shows the polished and thermally etched microstructure of the samples sintered at different sintering temperatures. It can be observed that the grains were equiaxed and well developed with low porosity, especially at ഛ1300°C. Average grain sizes of the pellets determined using the linear intercept method are confirmed by FESEM, and the values evidently increase with the increase of the sintering temperatures, which is shown in Figs. 5 and 6 . These results show that the 10GDC powders can be fully consolidated at 1300°C and after that, the density stays constant and the grain size evidently increases (from about 0.3 m increase to 1.0 m) if the sintering temperature continues to increase to 1500°C.
B. Densification behavior
C. Electrical properties
The typical impedance spectra of the samples sintered at different temperatures for 4 h, measured at 350°C in air, are shown in Fig. 7 . The contribution of the intragranular, intergranular, and electrode polarization behavior can clearly be identified from this. The contributions of the intragranular are negligible while the contributions of intergranular are obvious with the increase in sintering temperature. This result can also be confirmed in Figs. 8  and 9 . The contributions of intergranular increase with the sintering temperatures due to the increase in grain size, decrease in grain boundary area and less no impurities. This result is very different from a report on a similar sample where the impurities in the grain boundary strongly influence the inter-granular conductivity. 12 As Fig. 10 shows, the total ionic conductivity increase with increase in sintering temperature. The total ionic conductivity values of the 10GDC electrolyte sintered 1300 and 1500°C for 4 h are 0.59 and 0.49 s/cm, respectively, both measured at 750°C. The ionic conductivity was 0.042 s/cm when measured at 700°C. This is higher than those previously reported by Mogen and Kharton.
13,14 They reported ionic conductivities of samples sintered at 1500°C for 4 h to be 0.036 s/cm and 0.040 s/cm measured at 700°C. 
IV. CONCLUSIONS
Gd 2 O 3 -doped CeO 2 (Gd 0.1 Ce 0.9 O 1.95 , 10GDC) nanoparticle powder was prepared by carbonate coprecipitation, which represents an easy and cost-effective method. The complete dissolution of Gd 2 O 3 in CeO 2 lattice was achieved during co-precipitation, as confirmed by studying the lattice parameter against variation of temperature. After calcination at 800°C for 2 h, the nano-sized powders (∼33 nm) with a narrow particle-size distribution were obtained. The effect of the microstructure on the ionic conductivity of 10GDC electrolyte was investigated with AC impedance spectroscopy (AC-IS) under controlled sintering temperature. It was found that the intragranular conductivity is constant with increase in the sintering temperature while the inter-granular conductivity is strongly related to both the relative density and the grain boundary of the electrolyte. The 10GDC electrolyte sintered at 1500°C for 4 h show high ionic conductivity of 0.59 s/cm, measured at 750°C. The microstructure with high sintered density and reduced grain boundary are therefore essential prerequisites for a high performance ionic conductor.
